INTRODUCTION
It is now well documented that genes involved in DNA repair pathways can play important roles in cancer predisposition (1) . However, mutations in known cancer predisposition genes like BRCA1 and BRCA2 account for only a small fraction of the total breast cancers diagnosed. Evidence suggests that a large portion (20-40%) of the remaining ''spontaneous'' breast cancers may be due to currently unidentified mutations in DNA repair genes (2) . In many cases, the consequences of such alterations do not become apparent until DNA repair is enlisted after damage incurred by an exogenous factor, e.g. exposure to ionizing radiation. In support of this concept, an association between polymorphisms in the non-homologous end-joining (NHEJ) DNA-dependent protein kinase catalytic subunit (DNA-PKcs) gene, Prkdc, and risk of breast cancer was recently reported in the U.S. Radiologic Technologist cohort (3) . Decreased DNAPKcs kinase activity has also been linked to individuals with lung cancer (4) . Most recently, a Prkdc mutation was found in a human patient that exhibited a severe combined immune-deficient (SCID) phenotype (5) . These and other studies suggest that SNPs in DNA repair genes such as Prkdc have the potential to affect cancer predisposition in the human population.
The relationship between SNPs in Prkdc, DNA-PKcs deficiency and breast carcinogenesis has been examined previously using the BALB/c mouse model. A significant increase in the incidence of both lung and mammary adenocarcinomas has been demonstrated in female BALB/c mice after exposure to 137 Cs c radiation (6) . Cytogenetic analysis of mammary epithelial cells revealed significantly elevated frequencies of chromatidtype aberrations several population doublings postirradiation in BALB/c but not C57BL/6 mice (7). Due to the nature of chromatid-type aberrations forming only in the cell cycle of collection, this observation suggested that BALB/c but not C57BL/6 mice have an increased risk of radiation-induced delayed genomic instability. Subsequent investigations examined radiation-induced DNA repair capacity and found a significant deficiency in DSB repair activity and repair time in BALB/c mice compared to other mouse strains (8) . Subsequent studies also demonstrated reduced DNA-PKcs protein expression and kinase activity in both SCID and BALB/c mice as compared to C57BL/6 mice while expression of Ku70/ Ku80 remained unchanged. Additional analysis led to the discovery of two SNPs located in the coding region of Prkdc that may be responsible for the decrease in DNA-PKcs function observed in BALB/c mice (9) . One SNP (R2140C), located in exon 48, resides in a highly conserved region located between a leucine zipper domain and an autophosphorylation cluster, a position that could potentially impact autophosphorylation ability, DNA-protein and/or protein-protein interactions and three-dimensional conformation (10, 11) . The other BALB/c SNP (M3844V), located near the Cterminal domain in exon 81, is not well conserved among species. However, due to its location within the kinase domain, it could potentially affect enzymatic activity.
In addition to its function in DNA repair, an unanticipated role for DNA-PKcs in mammalian telomeric end-capping function has been identified (12, 13) . Initial studies involving primary cells derived from null DNA-PKcs SCID and DNA-PKcs knockout mice displayed significantly elevated frequencies of telomeretelomere fusion, which is not readily observed in BALB/ c mice. The predominant telomere fusion event found in BALB/c mice is radiation-induced telomere-DSB fusion (14) . Mechanistic links between uncapped/dysfunctional telomeres in DNA-PKcs-deficient backgrounds, radiation-induced instability and breast cancer susceptibility have recently been provided (15) . DNA-PKcs has also been shown to be involved in cell communication via the bystander effect in that it is required to generate a bystander signal but is not necessary to receive one (16) .
As discussed above, genetic studies suggest a link between the BALB/c variant of Prkdc and DNA repair, kinase activity and genomic instability (9) . To directly examine this relationship, two congenic mouse strains were generated, one having the BALB/c Prkdc allele on a C57BL/6 background (B6.C) and the other having the C57BL/6 Prkdc allele on a BALB/c background (C.B6). This approach eliminates most of the potential problems arising from the various mouse genetic backgrounds, which can complicate interpretation and evaluation of a role for the Prkdc allele. In the present series of studies, we examined DNA-PKcs expression, DSB repair, and telomere function as measures of radiosensitivity in the two congenic mouse strains. Additionally, we examined the LEWES/EiJ mouse, an inbred strain recently derived from wild mice that possesses only one of the BALB/c SNPs, M3844V, located in the kinase domain of the Prkdc allele.
MATERIALS AND METHODS

Cell Irradiation
The isolation and culture of mouse kidney fibroblasts have been described previously (8, 9) . Log-phase primary or low-passage kidney fibroblasts were plated 24 h prior to radiation exposure and maintained following specific protocols for each end point as described below. All irradiations were performed at a dose rate of 3.9 Gy/min using a Mark I 
Mice
Female LEWES/EiJ, C57BL/6ByJ and BALB/cByJ mice were obtained from the Jackson Laboratory and female CB17SCRF-FC.B-
Igh-1
b /IcrTac-Prkdc scid (SCID) mice were obtained from Taconic. Mice were maintained in specific-pathogen-free conditions at the AAALAC-approved Laboratory Animal Resource facility at Colorado State University and used at 2-3 months of age. All animal work was approved by the Institutional Animal Care and Use Committee at Colorado State University.
Generation of C.B6 and B6.C Congenic Strains by Marker-Assisted ''Speed'' Congenics Two novel strains of congenic mice were generated by a combination of conventional and marker-assisted backcrossing (17) . For the C.B6-Prkdc B6 congenic strain (C.B6), the common allele of Prkdc (Prkdc ) was transferred by repeated backcrosses (introgression) onto a BALB/c background. For the B6.C-Prkdc BALB congenic strain (B6.C), the BALB/c allele (Prkdc BALB ) was introgressed onto a resistant background strain (C57BL/6). A detailed description of the generation of these congenic strains can be found in the Supplementary Methods and Results.
DNA/RNA/cDNA Isolation and Purification DNA and RNA were extracted from primary mouse kidney fibroblasts and purified using the DNeasy blood and tissue kit and RNeasy kit from Qiagen. The cDNA was synthesized from RNA using random primers and the iScript cDNA synthesis kit (BioRad). All PCR products were purified using a PCR purification kit or by agarose gel electrophoresis and gel extraction (QIAquick PCR purification kit and QIAquick gel extraction kit, Qiagen).
Genotyping
The PCR restriction fragment length polymorphism (PCR/RFLP) method was used to genotype all mouse strains as described previously (9) . The R2140C SNP, located downstream of the leucine zipper, abolishes a BsmB1 site, the M3844V SNP, in the kinase domain, creates a novel Hph1 site. PCR primers were designed to flank the SNP loci and sequences were amplified using Taq polymerase (Invitrogen; Taq DNA polymerase, Recombinant 10342-020). Primer sequences used are: exon 48, PKF-GCCTAAGG-TAAGGTGCTGTA and PKR-GCCATGATCCTTAGCAAGTG; exon 81, 81F-ATGTTCTTTGCCATGCAGT and 81R-TTCTTCCC TCCCTTCTCAGTA. The PCR products were digested with BsmB1 or Hph1 and were compared against known size samples by electrophoresis through a 2% or 3% agarose gel.
Sequencing
The entire coding region of the LEWES mouse Prkdc gene was sequenced and compared to the sequences for the C57BL/6 and BALB/c mouse genes obtained from the Ensemble and NCBI databases (http:// www.ensembl.org/index.html and http://www.ncbi.nlm.nih.gov/entrez/ viewer.fcgi?db5nuccoreandid5124517705). A total of 19 PCR primer sets were designed using the Primer3 website (http://frodo.wi.mit.edu/ cgi-bin/primer3/primer3_www.cgi) (primer sequences in Supplementary Methods). Segments of the gene were amplified using PfuUltra highfidelity polymerase (PfuUltra High-Fidelity Polymerase, Stratagene) according to the manufacturer's recommended protocol; amplified products were purified and sequenced.
Reverse Transcriptase Quantitative Real-Time PCR Quantitative real-time PCR was used to determine Prkdc mRNA levels in C57BL/6, BALB/c and LEWES mice. RNA was isolated and converted into cDNA as described previously. Samples were added in triplicate to 96-well plates containing a SYBR green mix (QPCR SYBR Green Fluorescein mix, Thermo Scientific). The standard realtime protocol was followed using the BioRad Icycler thermal cycler iQ5. Data were then retrieved and analyzed using Icycler-iQ software version 3.1, and relative expression in the three strains was compared. HPRT (primer set: F-GCTGACCTGCTGGATTACAT and R-TTGGGGCTGTACTGCTTAAC) was used for the internal control. Prkdc primers (PRKDC4491F-GCCTGCAGTCTTTGGACCC and PRKDC4564R-TCCTCCAAAACCAAAGGCTAATT) were used for these experiments.
Immunoblotting
Mouse primary kidney fibroblasts were lysed and 60 mg of lysate was loaded onto a 4-15% gradient SDS-PAGE gel (BioRad). Electrophoresis was carried out at 125 V for 1-1.5 h; then samples were transferred onto nitrocellulose membranes (Amersham Biosciences) for 20 h at 4uC. Membranes were incubated in blocking buffer (13 TBST with 5% dry milk) for 1 h at room temperature. Primary antibody for DNA-PKcs (DNA-PKcs Ab-4 cocktail, Neomarkers) was added at a 1:500 dilution and incubated at room temperature for 1 h. Secondary antibody (Amersham: ECL Mouse IgG) was added at a 1:1000 dilution and incubated for 1 h at room temperature. Membranes were washed with 13 TBST and incubated with an ECL detection kit (ECL plus Western Blotting Detection Reagents, Amersham) for 2 min. Detection of signal was done using a STORM 860 Fluor Imager system (Molecular Dynamics), and comparison of protein levels was done using Microsoft Image Quant version 5.1 as described previously (8, 9) .
DNA DSB Repair/c-H2AX Foci
Immunofluorescence was used to detect c-H2AX foci in mouse primary kidney fibroblasts. Cells were plated in a 4-well chamber slide at an approximate density of 15,000 cells per chamber. Leucinedeprived medium was added to synchronize the cells in the G 1 phase of the cell cycle (18) . Primary antibody (Upstate) was added at a 1:500 dilution and incubated at room temperature for 1 h. Secondary antibody (Mouse IgG Alexafluor 488, Invitrogen) was added at a 1:200 dilution and incubated for 1 h at room temperature. DAPI was then added to stain nuclei and mount the slide. The c-H2AX focus images were analyzed and captured using a Zeiss Axioskop2 plus microscope equipped with a Photometrics Coolsnap ES2 camera and Metavue 7.1 software. At least 50 interphase cells were scored, and experiments were repeated to provide a minimum of 100 scored cells per sample.
Chromosome-Orientation Fluorescence In Situ Hybridization (CO-FISH)
After irradiation, cell cultures were incubated for various times, trypsinized and subcultured with 59-bromo-29-deoxyuridine (BrdU) for one cell cycle; Colcemid (0.1 mg/ml; Gibco) was added during the final 3-4 h to accumulate mitotic cells, which were collected and processed for telomere CO-FISH as described previously with some modifications (19, 20) . Briefly, samples were fixed and then slides were dried and treated with RNase A (100 mg/ml; Sigma, 10 min at 37uC), fixed in 1% formaldehyde (10 min at room temperature), then dehydrated through a cold ethanol series (75%, 85% and 100%). Slides were stained with Hoechst 33258 (0.5 ng/ml; Fisher) for 15 min and exposed to 365 nm UV light (Stratalinker 2400) for 25 min. After UV irradiation, strands that had incorporated BrdU were digested with exonuclease III (2 U/ml in provided reaction buffer; Promega) at room temperature for 10 min. Slides were rinsed and samples denatured in 70% formamide at 75uC for 1 min and 15 s. After an additional ethanol dehydration and drying, a Cy-3-conjugated (TTAGGG) 3 PNA telomere probe (0.2 mg/ml; Applied Biosystems) was hybridized to the samples at 37uC for 1.5 h. Slides were rinsed in 70% formamide at 32uC for 10 min and dehydrated in an ethanol series before reprobing at 37uC for 2 h. After the second hybridization, slides were rinsed with 70% formamide at 32uC for 15 min followed by a 5-min rinse in PN Buffer. Chromosomes were counterstained with DAPI (Vectashield with DAPI, Vector Laboratories).
Radiation-Induced Bystander Effect/ SCE
The bystander studies used to detect the generation of a bystander signal and the reception of radiation-induced bystander signals as measured by sister chromatid exchange (SCE) frequencies were performed as described previously (16) . Both donor and recipient cells were counted using a Coulter Counter (Beckman Coulter, Fullerton, CA), and 4 3 10 5 human 5C fibroblasts were plated into T-75 flasks, then co-cultured with a 1:100 dilution of either unirradiated or 1-Gy c-irradiated exponentially growing donor mouse primary kidney fibroblasts. BrdU was added to cultures at a final concentration of 2 3 10 25 M and cells were allowed to grow for two rounds of cell division. Colcemid (Invitrogen) was added at a final concentration of 0.2 mg/ml and cells were harvested approximately 2-3 h later. Cells were trypsinized, centrifuged, resuspended in 0.075 M KCl for 15 min at room temperature, and then fixed with 3:1 methanol:acetic acid. After fluorescence plus Giemsa staining of slides, second-cycle cells with characteristic harlequin staining patterns were scored for SCE; a total of 50 cells (two experiments with 25 metaphases scored per experiment) were counted. Images were analyzed and captured using a Zeiss Axioskop2 Plus microscope equipped with a Photometrics Coolsnap ES2 camera and Metavue 7.1 software.
RESULTS
C.B6-Prkdc B6 (C.B6) and B6.C-Prkdc BALB (B6.C) Mice are Congenic for the Common and BALB Variant Alleles of Prkdc
Using conventional and marker-assisted backcrossing, we generated two congenic mouse strains with minimal donor contamination (17) . C.B6 mice have the common Prkdc allele (Prkdc BALB/c mice also have two SNPs in Cdk2na that are responsible for altered cell cycle control and susceptibility to plasmacytomas (21) . Genotyping of the two Cdkn2a SNPs by SNP resequencing confirmed that each congenic strain contained its appropriate background Cdkn2a allele (data not shown).
Genome-wide SNP genotyping revealed minimal donor haplotype contamination in the congenic strains C.B6 and B6.C (see Supplementary Fig. 1A and B) . Therefore, phenotypic differences between the congenic strains and their corresponding background strains were interpreted to be a consequence of the introgressed Prkdc allele.
LEWES Mouse Strain Possesses the BALB/c SNP in the Kinase Domain
Genotyping and sequencing were performed on the LEWES mouse strain to ensure the presence of the Prkdc SNPs AFFECT DNA-PKcs FUNCTION kinase SNP and the absence of other additional changes in Prkdc that could potentially affect DNA-PKcs function. Primary mouse kidney fibroblasts were isolated from C57BL/6ByJ, BALB/cByJ and LEWES/EiJ female mice. PCR products were purified and digested with either BsmB1 or Hph1 (for the R2140C or M3844V SNP, respectively). The first BALB/c SNP abolishes a BsmB1 site; consequently, amplified DNA from C57BL/ 6 mice was digested but amplified DNA from BALB/c mice was not (Fig. 1) . Digestion of amplified LEWES mouse DNA with BsmB1 yielded fragments similar to those seen in C57BL/6 mouse DNA. The second SNP in BALB/c mouse Prkdc creates a novel Hph1 site that yields an additional fragment after digestion. As expected, two fragments were generated by Hph1 digestion of the C57BL/6-generated amplicon, whereas the BALB/c and LEWES mouse amplicons yielded three fragments when digested (Fig. 1) . These results confirmed the presence of the BALB/c SNP in the kinase domain and the common nucleotide at the conserved locus downstream of the leucine zipper in LEWES mice. Further confirmation of these results was obtained by sequencing PCR products derived from all three strains.
The entire coding region of the LEWES mouse Prkdc was sequenced to ensure that there were no additional sequence variations that could affect function. Nineteen PCR primer sets were designed to amplify overlapping portions of the Prkdc cDNA. PCR products were purified, sequenced and compared to the C57BL/6 Prkdc cDNA sequence. Our data showed no differences in Prkdc sequence between LEWES and C57BL/6 mice with the exception of the SNP in the kinase domain (M3844V) (data not shown).
DNA-PKcs Protein Expression in the Congenic and LEWES Mouse Strains
DNA-PKcs protein levels are significantly lower in BALB/c mice than in C57BL/6 mice in several tissues, including the mammary gland (8) . In all mouse strains, expression of DNA-PKcs was lowest in mammary tissue compared with other tissues, with expression in the BALB/c mouse mammary gland being lower still. In the present study, we compared protein levels in the congenic and LEWES strains to the C57BL/6 and BALB/c strains to directly determine the role of the BALB/c SNPs on expression of DNA-PKcs. Because expression of DNA-PKcs is significantly lower in mammary tissue than in other tissues, we used primary kidney fibroblasts to facilitate the strain comparisons. The results clearly demonstrated that expression of DNA-PKcs was significantly reduced in mice having the BALB/c variant of Prkdc, independent of the genetic background. DNA-PKcs protein levels in C.B6 mice were similar to those in C57BL/6 mice, while DNA-PKcs levels in the B6.C strain were similar to those in the BALB/c strain (Fig. 2) . Protein expression in LEWES mice was intermediate between that in C57BL/6 and BALB/c mice, suggesting that both SNPs play a role in expression. Consistent with previous observations, quantitative real-time PCR showed no difference in mRNA levels between the various strains, suggesting that post-translational events may be responsible for the reduced DNA-PKcs protein levels (8).
FIG. 1.
Genotyping of the LEWES strain. The R2140C SNP located downstream of the leucine zipper abolishes a BsmB1 site while the M3844V SNP in the kinase domain creates a novel Hph1 site. PCR products from both SNP loci were purified and digested with BsmB1 or Hph1. Both C57BL/6 and LEWES mouse products were cleaved with BsmB1, while the BALB/c mouse product containing R2140C was not (arrow). After Hph1 digestion only one cut occurred in the C57BL/6 mouse products, but BALB/c and LEWES mouse products containing the M3844V SNP yielded an extra digested fragment (arrows).
FIG. 2.
DNA-PKcs protein expression as a function of genotype. The C.B6 congenic strain has DNA-PKcs expression similar to the C57BL/6 strain while the B6.C strain has decreased amounts of DNA-PKcs, comparable to the BALB/c strain (top panel). The DNA-PKcs protein expression of the LEWES strain is intermediate between those of the C57BL/6 and BALB/c strains (bottom panel).
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DNA DSB Repair in the Congenic and LEWES Mouse Strains
Previous work using the fraction of activity released (FAR) assay demonstrated that BALB/c mice are deficient in DSB repair after exposure to low-LET c radiation compared to other mouse strains (8) and suggested that this deficiency was correlated with the BALB/c variant form of Prkdc. To directly examine the impact of the BALB/c polymorphisms, we evaluated DSB repair kinetics in the parental, congenic and LEWES mouse strains with the FAR and the c-H2AX assays. The c-H2AX assay involves detection of large tracks of the phosphorylated histone variant H2AX around DSB sites that dissipate once repair has occurred. Therefore, counting the number of phosphorylated H2AX (c-H2AX) foci over time provides a measure of initial DSB induction and the kinetics of their repair (22) . For the c-H2AX studies, primary kidney fibroblasts from C57BL/6, BALB/c, C.B6, B6.C and LEWES mice were used. SCID mice possessing a truncation mutation in DNA-PKcs were used as a positive control. Cells were irradiated with 1 Gy of c radiation, and the frequency of c-H2AX foci was determined at 15 min, 2 h and 4 h postirradiation. Because previous studies indicated that most DSB repair occurs by 4 h, we did not include times beyond 4 h. All strains had similar background levels of c-H2AX foci and showed similar increases at the 15 min, indicating that there was no difference in the frequency of DSBs initially induced in these strains (Fig. 3) . By comparing the number of foci at 15 min and 4 h postirradiation, we determined that 82% of DSBs were repaired in C57BL/6 mice, 79% in C.B6 mice, 56% in LEWES mice, 58% in B6.C mice, 48% in BALB/c mice, and only 29% in SCID mice over this period. Clearly, the introgression of the common allele of Prkdc (C.B6) restored the DNA repair capacity to that observed in the C57BL/6 mice. Conversely, introgression of the BALB/c variant onto the C57BL/6 background (B6.C) reduced DSB repair capacity to a level near that of BALB/c mice. Repair in the LEWES strain, which harbors the M3844V SNP in the kinase region, was similar to that observed in B6.C mice, suggesting that reduced DNA-PKcs expression and DSB repair in these strains are largely a result of the SNP in the kinase region of Prkdc. Similar trends were observed using the FAR assay (see Supplementary Methods and Results). Clonogenic survival studies (see Supplementary Methods and Results) provided further support for these conclusions, in that similar levels of survival were observed in C57B/6 and C.B6 mice, while the surviving fraction as a function of dose was significantly lower in BALB/c and B6.C mice containing the variant allele.
Telomeric End-Capping Function and the Prkdc SNPs
Cytogenetic analysis was performed using Chromosome Orientation-Fluorescence In Situ Hybridization (CO-FISH) to determine the impact of DNA-PKcs variants/SNPs on telomeric end-capping function and accurate DSB repair via NHEJ. Uncapped telomeres can be recognized as unrepaired DSB ends and so are prone to fusion with radiation-induced DSBs (15) . The strand-specific nature of CO-FISH allows detection of telomere-DSB fusions, which are operationally observed as single-sided telomere signals along the length of the chromosome (one interstitial telomere signal), as opposed to telomere-telomere fusions, which appear as CO-FISH telomere signals on both chromatids (two opposing interstitial telomere signals).
The C57BL/6 mouse strain served as the negative control for telomere-DSB fusion analysis. No significant difference was observed (P . 0.05) in the telomere-DSB fusion frequencies in the LEWES, C.B6 and C57BL/6 control mice in either irradiated or nonirradiated populations. In contrast, telomere-DSB fusion frequencies in both BALB/c and B6.C mice differed significantly from those in both irradiated and nonirradiated populations of C57/BL6 mice (P , 0.05) (Fig. 4) . Furthermore, BALB/c and B6.C mice showed no significant difference from one another in telomere-DSB fusion frequencies in either irradiated or nonirradiated populations. These data demonstrate that the variant DNA-PKcs allele containing both SNPs (the leucine zipper and kinase domain), as exists in BALB/c and B6.C mice, results in extensive telomere uncapping and telomere-based fusion events. The frequency of telomere-DSB fusions in the LEWES mouse cells (containing only the SNP within the PIKK-like kinase   FIG. 3 . DSB repair c-H2AX assay as a function of genotype. As shown previously (8) , the C57BL/6 strain is efficient in DNA repair, with SCID mice being substantially deficient in repair and the BALB/ c mouse showing an intermediate level of repair. The C.B6 strain containing the common allele of Prkdc was comparable to the C57BL/6 strain, while in the B6.C strain containing the BALB variant allele and the LEWES strain containing only the M3844V SNP, the level of repair was significantly reduced compared to the C57BL/6 strain (*P , 0.0001 for C57BL/6, BALB/c and SCID; {P , 0.005 for LEWES). Bars are means ± SEM.
Prkdc SNPs AFFECT DNA-PKcs FUNCTION domain, M3844V) resembles that of the C57/BL6 and C.B6 mouse cells. Taken together, these data suggest that the SNP located downstream of the leucine zipper near the autophosphorylation cluster (R2140C) is critical for proper telomere end-capping and M3844V SNP is required for optimal function of DNA-PKcs in accurate DSB repair via NHEJ.
LEWES Allele of Prkdc Generates a Radiation-Induced Bystander Effect
We have shown previously that there are differences in C57BL/6, BALB/c and SCID mice (also DNA-PKcs deficient) and in the congenic strains regarding the bystander effect (16) . In these earlier studies, irradiated C57BL/6 and C.B6 mouse cells generated a bystander response measured by increased sister chromatid exchanges (SCE) in nonirradiated human 5C human dermal fibroblast (HDF) cells. Conversely, cells from BALB/c, SCID and B6.C mice were not capable of generating such a bystander response. Since data from the present studies for DNA-PKcs expression and DSB repair suggested that the SNP in the kinase region was largely responsible for reduced expression and repair, we next determined whether cells from the LEWES strain containing only the SNP in the kinase region could produce a bystander response. As demonstrated previously, there was a significant elevation in SCE frequency in human 5C cells co-cultured with cells from C57BL/6 mice, but no increase was observed in cells co-cultured with BALB/c mouse cells. A clear bystander effect was seen in the human recipient cells co-cultured with irradiated donor LEWES cells (5.70 SCE/metaphase) compared to co-cultures of 5C cells with unirradiated control or BALB/c cells (4.22 and 4.19 SCE/metaphase, respectively) (Fig. 5) . These results provide additional support for our conclusion that the ability to generate a radiation-induced bystander effect is dependent upon DNA-PKcs. However, because LEWES cells were fully capable of generating a bystander response, the present data reveal a role for the R2140C, but not the M3844V, SNP in the generation of such a response.
DISCUSSION
It has been well documented that defects in DNA damage response proteins like p53, ATM or BRCA1/2 strongly correlate with increased risk for the development of a number of different cancer types. However, such highly penetrant mutations can account for only a small percentage of total cancer cases. Research now suggests that more subtle mutations or polymorphisms may play a significant role in carcinogenesis and potentially could account for a larger number of ''spontaneous'' breast cancers (23) . Several epidemiological studies have reported associations between polymorphisms in DNA repair genes and increased cancer risk (24) (25) (26) . Three different SNPs in the Prkdc gene have been shown to be associated with elevated breast cancer incidences in the U.S. Radiologic Technologist cohort (3) . Most recently, a SCID mutation in Prkdc, which produced a hypomorphic version of DNA-PKcs, was observed in a human cancer patient for the first time (5) . While these associations are suggestive, clear mechanistic links cannot be established from such studies. SNPs in Prkdc can also be observed in mice, making mice attractive models for studying the impact of SNPs on cancer predisposition. The purpose of the current studies was to directly examine the impact of such SNPs on the function of the NHEJ protein DNA-PKcs.
The BALB/c mouse strain is susceptible to spontaneous and radiation-induced lung and mammary adeno -FIG. 4 . Frequency of telomere-DSB fusions in the 6 mouse strains. The C.B6 and LEWES strains showed low levels of telomere/DSB fusions after exposure to 1 Gy c rays, similar to C57BL/6, and consistent with wild-type DNA-PKcs. The SCID, BALB/c and B6.C strains had significantly higher levels of telomere/DSB fusions after irradiation (*P , 0.0005, #P , 0.0001, 0 Gy compared to 1 Gy), consistent with mutant DNA-PKcs.
FIG. 5.
The bystander effect in the LEWES strain. Both the C57BL/6 and LEWES strains (wild-type DNA-PKcs) were capable of generating a bystander effect as determined by an increased frequency of SCE in recipient cells, but the BALB/c strain (mutant DNA-PKcs) was not (0 Gy compared to 1 Gy *P , 0.0030; 1 Gy C57BL/6 compared to BALB/c, SCID and B6.C **P , 0.0001).
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carcinomas (27) . This strain also possesses a hypomorphic variant of DNA-PKcs that has been linked to two SNPs (designated R2140C and M3844V) in the coding sequence of the Prkdc gene (9) that appear, based on genetic studies using F 1 hybrids, to be associated with reduced expression of DNA-PKcs, reduced repair capacity, altered telomere function, and sensitivity to radiation-induced genomic instability (9, 15) . While these genetic studies strongly support the role of Prkdc polymorphisms in such phenotypes, evidence that is more direct is required to serve as the basis for understanding the molecular mechanisms involved and the potential impacts on cancer susceptibility. Here, we directly analyzed the impact of the BALB/c mouse Prkdc SNPs on a variety of end points using two unique congenic strains: C.B6 (BALB/c background with the C57BL/6 Prkdc wild-type allele) and B6.C (C57BL/6 background with the BALB/c Prkdc variant allele). The LEWES mouse strain, which only has the M3844V SNP in the kinase domain, was also characterized using identical end points to provide insight into the potential impact of this polymorphism on DNA-PKcs function.
The congenic and LEWES mouse strains were characterized with respect to DNA-PKcs protein levels, Prkdc mRNA expression, DNA DSB repair kinetics, and telomere function to further elucidate the impact of the Prkdc SNPs to radiosensitivity phenotypes in vivo. The C.B6 congenic strain was comparable to C57BL/6 with respect to all of these end points (wild-type Prkdc), while the phenotypes of B6.C mice were similar to those of BALB/c mice (variant Prkdc). Our results provide the first direct evidence that these particular polymorphisms are mechanistically responsible, necessary and sufficient for the reduced DSB repair capacity and altered telomere function observed in BALB/c mice. Data from the studies using the congenic strains also suggested that the genetic background plays only a minor role with respect to DNA-PKcs expression and functional activity. Although the DSB repair capacity of LEWES mouse cells was slightly better than that BALB/c mouse cells (approximately 40% vs. 30% reduction), we found reduced DNA-PKcs expression levels and repair capacity compared to C57BL/6 mouse cells, suggesting an important role for M3844V in these functional end points. LEWES telomere function was similar to that of C57BL/6 and C.B6 cells, which have the common Prkdc allele. While genetic background cannot be completely excluded as a contributing factor to the phenotypic differences we observed between the two Prkdc SNPs, the results for the congenic strains suggest that genetic background plays only a minor role in modifying the effects of these polymorphisms on the DNA-PKcs function associated with either DSB repair or telomere function. The potential separation of these phenotypes offers an important opportunity to dissect the role of DNA-PKcs in telomere function and its potential link to cancer susceptibility. Clearly, additional studies are warranted.
Because of its location in the kinase domain, it is easy to envision how the M3844V SNP might affect DNAPKcs functions, particularly those associated with DNA repair. Previous studies using a pull-down assay have found that both expression and kinase activity of DNAPKcs are lower (8) . However, it remains unclear whether this SNP affects the specific activity of the enzyme or whether kinase activity is lower simply because of the lower levels of DNA-PKcs expression, or both. The stability of the BALB/c mouse variant of DNA-PKcs is also important when considering potential mechanisms. However, studies designed to quantify specific kinase activity and to determine the half-life of the variant form of DNA-PKcs using standard biochemical approaches have been problematic because of the extremely low levels of expression. Regardless, whether this SNP affects the specific activity of the protein or is simply a result of reduced expression, it is clear that kinase activity is reduced. Numerous investigations have demonstrated the important role of DNA-PKcs phosphorylation of various substrates, including DNA-PKcs itself (autophosphorylation), in the processes involved in DNA repair [reviewed in (28) ]. Additionally, we have previously shown that DNA-PKcs autophosphorylation at the Thr-2609 cluster is a critical event for proper telomeric endcapping function and for prevention of ligase IVmediated telomere fusion (15) .
Here, we shed light on separating DNA-PKcs function in end joining (DSB repair) vs. end capping (protecting telomeres). Our results suggest that telomeric end capping requires the DNA-PKcs leucine zipper DNA binding domain (R2140C), which we speculate may be important for the conformational changes required for site-specific DNA-PKcs autophosphorylation. Previous studies in our laboratory have suggested that some level of DNA-PKcs kinase activity is required for this occurrence at telomeres (29) . It has recently been proposed that DNA-PKcs acts at telomeres to block backup pathways of NHEJ (30); our results suggest that this protective function at telomeres may well require the DNA-PKcs leucine zipper DNA binding domain.
In summary, we have directly demonstrated that the Prkdc SNPs (R2140C and M3844V) contained in the BALB/c mouse strain (Prkdc BALB ) are both necessary and sufficient to result in decreased expression of DNAPKcs, deficient repair capacity, and dysfunctional telomeres. Further, the data suggest separation of function between the two Prkdc BALB SNPs, in that M3844V (located in the kinase domain) has its primary effect on protein expression and repair capacity of DNA-PKcs, while R2140C (located near leucine zipper DNA binding domain) is required for normal telomere end-capping function.
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